ABSTRACT. In 1976, men who were exposed to the highest concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) after an explosion at a chemical plant near Seveso, Italy, produced more girls than boys. However, few studies have examined the possibility that the exposure of laboratory animals to TCDD, especially that of males, could lead to a lower male/female sex ratio. The aim of this study was to investigate whether direct paternal exposure to TCDD affects the sex ratio of offspring using a relatively large-scale experimental design. Male ICR mice (n=120) were randomly assigned to three, one of which served as a vehicle control, the other two were administered TCDD orally with an initial loading dose of 2 or 2,000 ng TCDD/kg, followed by a weekly maintenance dose of 0.4 (T2/0.4 group) or 400 (T2000/400 group) ng/kg prior to mating. The major organs of each mouse were weighed and histopathologically and immunohistologically investigated, and the sex ratio of offspring [males/(males + females) × 100] was calculated in each dam. There were no significant effects on organ weights, or on the structure of the testis and epididymis between the control and TCDD-exposed males, but TCDD administration produced a significantly lower proportion of male offspring from T2000/400-exposed sires despite no alteration in litter size (Control: 53.1 ± 1.7; T2/0.4: 48.8 ± 2.5; T2000/400: 46.2 ± 2.1). In addition, we further divided the T2000/400 group into 3 subgroups based on the proportion of CYP1A1-immunoreactive areas in the liver; there was a significant correlation between sex ratio and CYP1A1 immunoreactivity. Thus, the present study confirms that direct paternal exposure to TCDD might be associated with an alteration in the sex ratio of offspring. Possible mechanisms through which TCDD might decrease the fertility potential of Ybearing gametes before conception are discussed. KEY WORDS: CYP1A1, paternal exposure, Seveso data, sex ratio of offspring, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).
An endocrine disruptor (ED) is a synthetic chemical which, when absorbed into the body, either mimics or blocks hormones and disrupts homeostasis. This disruption can occur through an alteration of normal hormone levels, by halting or stimulating the production of hormones, or by changing the way hormones travel through the body, thus affecting the functions that these hormones control [3] . Chemicals that are known EDs include dioxins, which are a class of persistent polychlorinated aromatic hydrocarbons, and some of the most potent environmental contaminants that induce a wide spectrum of toxic responses in both animals and humans [2] . 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a well-known dioxin which is formed as a byproduct during the commercial production of 2,4,5-trichlorophenoxyacetic acid, a herbicide utilized extensively as a defoliant [22] and which is currently released into the environment primarily through emissions from the incineration of municipal and chemical wastes, in exhaust from automobiles using leaded gasoline, and from the improper disposal of certain chlorinated chemical wastes.
In 1976, an explosion at a chemical plant near Seveso, Italy, released TCDD, bringing about the highest concentrations of TCDD ever recorded in humans. The Seveso data showed that an increased probability of female births is related to an increased TCDD concentration in fathers, and the altered sex ratio was especially pronounced in the children of men exposed to TCDD before age 19 [15, 16] . Ryan et al. [20] , in a study conducted in Ufa, Russia, suggest that human exposure to high levels of dioxin is associated with the birth of more girls only in cases of paternal exposure. In contrast, the sex ratio among offspring is not markedly affected among humans exposed to a phenoxy herbicide containing TCDD and produced in the US factories which manufactured Agent Orange [21] , and Yoshimura et al. [25] found that the sex ratio was not significantly different from normal (0.513) in Yusho victims after accidental massive exposure to polychlorinated biphenyls (PCBs) and polychlorinated dibenzofurans (PCDFs). Despite these epidemiological studies, few studies have examined the possibility that the exposure of laboratory animals to TCDD, and especially the exposure of males, could lead to a lower male/ female sex ratio.
Absorption, body distribution and metabolism can vary greatly between animal species [23] . In ICR/Ha Swiss mice, the half-life for TCDD elimination, t 1/2 , is approximately 20 days [12] . To maintain the body TCDD burden as constant as possible in our study, we followed Faqi's regimen of administration, which consists of an initial loading dose followed by weekly maintenance doses [4] . In the present study, we exposed only young male mice to TCDD at an initial loading dose of 2 or 2,000 ng/kg orally, followed by a weekly maintenance dose of 0.4 or 400 ng/kg prior to mating. We then evaluated the sex ratio of their offspring and the fathers' reproductive systems, examining the relationship between TCDD sensitivity and sex ratio in a relatively large-scale experimental design (Total offsprings: n=1,596) that was experimentally equivalent to the Seveso incident.
MATERIALS AND METHODS
Chemicals: TCDD was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Sesame oil used for dissolving TCDD and vehicle-treatment as control was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan).
Animals and treatments: Male and female ICR mice were purchased from Japan SLC, Inc. (Shizuoka, Japan) and bred at Kobe University (Kobe, Japan). They were maintained under controlled conditions of temperature (23 ± 2°C) and humidity (50 ± 10%) on a 12-hr light, 12-hr dark cycle. The animals were fed an MR-A1 laboratory diet (Nosan Co., Yokohama, Japan) and filtered water ad libitum throughout the experiments, and were handled with humane care under the Guidelines for the Care and Use of Laboratory Animals of Kobe University.
In consideration of differences in sensitivity to TCDD, two different concentrations of TCDD were selected based on lowest observed adverse effect level (LOAEL) of TCDD in mice (200 ng/kg). Seven-week-old male mice (n=120) were divided into 3 groups and were administered TCDD orally by gastric sonde with an initial loading dose of 2 or 2,000 ng TCDD/kg body weight or an equivalent volume of sesame oil (vehicle) as control, followed by a weekly maintenance dose of 0.4 or 400 ng TCDD/kg body weight or an equivalent volume of sesame oil until they reached 12 weeks of age. One week after the last exposure, male mice were mated with untreated female mice. On the day that the female mice showed a vaginal plug, the male mice were deeply anesthetized with diethyl ether, and the major organs including the testis, epididymis and liver were removed and weighed.
Histopathology: The testes and epididymides were fixed in 4% paraformaldehyde fixative for 1-2 days and the livers in 10% neutral buffered formalin until use. They were then embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin-eosin (H-E).
Immunohistochemistry: Deparaffinized tissue sections were analyzed using a Histofine Mouse Stain Kit (Nichirei, Tokyo, Japan) for monoclonal antibody in mouse tissues following the manufacturer's instructions. The sections were treated with autoclave at 121°C for 20 min for antigen retrieval. After treatment with 3% H 2 O 2 in 100% methanol for 30 min to quench endogenous peroxidase, the samples were incubated with CYP1A1 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, U.S.A.) diluted 1:50 in phosphate buffered saline (PBS) at 4°C overnight. Finally, the sections were incubated with 3,3'-diaminobenzidine solution (Dako, Glostrup, Denmark) containing 0.03% H 2 O 2 and counterstained lightly with Mayer's hematoxylin.
Quantitative immunohistological analysis: Measurement of the proportions of the CYP1A1 immunoreactive (-ir) area in the liver section was performed as follows. Microphotographs of the liver were taken by a closed circuit digital (CCD) camera (Model DS-L1; Nikon Co., Tokyo, Japan) connected to a light microscope (Eclipse E600; Nikon) and processed to stock as TIFF files using a graphic software (Adobe Photoshop 7.0.1.; Adobe, San Jose, CA, U.S.A.). The proportions (%=CYP1A1-ir area/whole area × 100) were calculated by NIH Image 1.63 (National Institutes of Health, Bethesda, MD, U.S.A.).
Sex ratio: F 1 offspring were first examined for gonads stereomicroscopically at postnatal day (PND) 0 to prevent postnatal death and subsequent cannibalism by the dam, and the uterus was also examined at the same time to determine whether any babies remained. The sex ratio of the offspring of each dam [males/(males + females) × 100] was calculated.
Statistical analysis: PC StatView version 5.0 (SAS Institute, Cary, NC, U.S.A.) was used to analyze the present data. Statistical differences involving multiple group comparisons were determined by one-way analysis of variance (ANOVA) followed by the Dunnett test (P<0.05).
RESULTS
All TCDD-exposed males successfully impregnated unexposed female mice and yielded viable babies whose mortality and size were not influenced by the TCDD. Mating and fertility indices were also not changed by TCDD exposure.
Paternal body and organ weight: There was no significant difference in body weights or in the relative weights of testes, epididymides or livers in the TCDD-exposed groups compared to the control group. However, the livers of some animals in the group which received an initial dose of 2,000 ng/kg body weight and a maintenance dose of 400 ng/kg body weight (T2000/400 group, n=33: Seven were excluded owing to female infertility or death from battle) were bigger and heavier than those of both the control group (n=40) and the group which received an initial dose of 2 ng/kg body weight and a maintenance dose of 0.4 ng/kg body weight (T2/0.4 group, n=40). Consequently, we focused on these animals for further immunohistochemical investigation.
Histological findings: General histological investigation showed that germ cells, Sertoli cells and Leydig cells of the testis exhibited normal morphology in the TCDD-exposed groups. The arrangement of the germ cells was also found to be normal in both TCDD-exposed groups (Figs. 1A-C) . In the epididymis sections, there was no difference in the spermatozoon number between the control and TCDDexposed groups (Figs. 1D-F) . However, the livers of some animals in the T2000/400 group, in contrast to the control and T2/0.4 groups, showed enlarged and vacuolated cells in the centrilobular area ( Figs. 2A-C) .
Immunohistochemical and quantitative immunohistological findings:
The administration of TCDD (2000/400 ng/kg) was found to induce a marked increase in staining intensity for CYP1A1 in the cytoplasm of hepatocytes in the centrilobular area, compared to weakly-stained cells in the control and T2/0.4 groups (Figs. 2D-F) . The proportions of CYP1A1-ir areas in the liver sections in the T2000/400 group were higher than those in the control and T2/0.4 groups (Figs. 2D-F ), but varied considerably in their proportions (Fig. 3A) . Sex ratio: Exposure to TCDD was found to lead to a doserelated decrease in the male/female sex ratio of offspring despite no alteration in litter size (Control: 53.1 ± 1.7%; T2/ 0.4: 48.8 ± 2.5%; T2000/400: 46.2 ± 2.1%) ( Table 1, Fig. 4 ). Since we found individual differences in the proportion of CYP1A1-ir areas in the T2000/400 group (Fig. 3A) , further investigation of the relationship between the sex ratio and CYP1A1 immunoreactivity was carried out. The T2000/ 400 mice were divided into three subgroups according to M ± 1SD of the proportion of CYP1A1-ir areas, low sensitive: ≤M-1SD; middle: >M-1SD, <M+1SD; high: ≥M+1SD.
Although testis weights, histology (testis and epididymis) and their litter size were not influenced in these 3 subgroups compared to the control group (data not shown), the decrease in their male/female sex ratios clearly showed a significant correlation with CYP1A1 sensitivity (low sensitive: 50.2 ± 6.7%; middle: 47.5 ± 2.4%; high: 40.0 ± 1.2%) ( Table 1, Fig. 3B ).
DISCUSSION
The effects of TCDD generally include carcinogenicity, hepatotoxicity, immune suppression and developmental toxicity as ED effects [2, 11, 14] . In addition to these effects, a decreased male/female sex ratio among children born to males who were exposed to TCDD at a relatively young age compared with unexposed males has also been reported [15, 16, 20] . On the other hand, it was reported in a human cohort study that no association was found between paternal serum TCDD levels and the sex ratio of offspring [21] . These conflicting reports suggest that further investi- Sex ratio of the offspring in the control and T2000/400 groups. The T2000/400 group was divided into 3 subgroups, low sensitive; middle sensitive; and high sensitive, based on the proportions of the CYP1A1-ir area. There was a gradual decrease in the sex ratio, and a significant correlation between sex ratio and CYP1A1 immunoreactivity in high sensitive group. Each histogram and bar indicates mean ± SE. *: P<0.05 (Control vs. ≥ M+1SD). Fig. 4 . Sex ratio of offspring of TCDD-exposed male parents. A dose-related decreasing trend in the male/female sex ratio, and a significantly lower proportion of male offspring from T2000/400-exposed sires was observed. Each histogram and bar indicates mean ± SE. *: P<0.05 (Control vs. T2000/400). gation of the sex ratio is necessary, however, few studies have yet examined this alteration in the sex ratio in animal experiments. Thus, the present study examined whether direct paternal TCDD exposure affects the sex ratio of offspring as suggested by the Seveso epidemiological data.
It has been reported that the half-life of TCDD is approximately 7 years in humans [17] and 20 days in mice [12] , and the Seveso and Russian data have shown that an increased probability of female births is related to increasing TCDD concentrations in fathers rather than in the mothers [15, 16, 20] . Based on these reports, we followed a modified version of Faqi's regimen of repeated exposure with low doses [4] in order to maintain a body TCDD burden in male mice as close to that of the human situation. For the present study, we used two different concentrations of TCDD in consideration of differences in the sensitivity of the animals.
The present study showed that the male/female sex ratio of offspring decreased in inverse correlation to the dose of TCDD, and that in T2000/400 group in particular, there was a significantly lower proportion of male offspring. To the best of our knowledge, this is the first experimental report to investigate the correlation between the sex ratio of offspring and the influence of direct TCDD exposure of the father in an animal experiment. The present study verifies the data obtained from TCDD-exposed humans in Seveso [15, 16] and Ufa [20] . Because of the limited experimental data available on the (F1) sex ratio endpoint , our data set is advantageous due to its large sample size and its use of multiple dose levels.
There were no significant differences in the weights of the testis or epididymis from those of the control group. In addition, the testis and epididymis of the TCDD-exposed groups exhibited histology with limited influence of TCDD. Thus, even though the major reproductive toxicity induced by TCDD was an impediment to the development of the reproductive organ, the testis and epididymis were considered to function in a normal manner based on histology and the data from our previous study [24] .
The wide range of variation in responses regulated by the aryl hydrocarbon receptor (AhR) complex, i.e., the induction of CYP1A1, has been studied in human populations [7] , and strain differences in response to TCDD have been observed in mice [5, 18] . In the present study, we observed individual variability in the induction intensity of CYP1A1 in the T2000/400 group. Recently, Ikeda et al. [8] reported in a three-generation reproductive study (sex ratio of the control group: 83/159=52.2%; TCDD group: 38/ 100=38.0%) that the sex ratio changes (low percentage of male pups) in (F2) offspring from male rats (F1) who were treated with TCDD in utero and lactationally. In contrast, we exposed male mice to TCDD from 7 to 12 weeks of age in order to approximate the human situation in Seveso and Ufa and as an appropriate method of assessing human toxicity, finding that the male/female sex ratio of offspring decreased in inverse proportion to the dose without alteration of litter size, and there was a significant correlation between sex ratio and CYP1A1 immunoreactivity. Exposure to TCDD during development has been shown to perturb the development of the male sex accessory glands [6, 13] ; that is, mice show critical windows to TCDD during development. This is consistent with the observation that the sex ratio of offspring found in the study by Ikeda et al. [8] , in which a small number of rats (9 or 14 dams per F2) were exposed to TCDD in utero and lactationally, was lower than that of the present experiment due to the exposure in the critical windows.
Rowlands et al. [19] have suggested that the data of Ikeda et al. [8] do not support a causal relationship between TCDD and changes in offspring sex ratios. They suggest that the inconsistency between their findings and those of Ikeda et al. [8] is due to random variation associated with a small sample size and the day of ascertainment of the sex ratio, PND 2, which was selected due to the possibility of postnatal mortality and subsequent cannibalism by the dam, which is common in the first few days after birth. We examined the sex ratio of offspring at PND 0 and used a relatively large number of animals. The human subjects at Seveso [15, 16] and those at Ufa [20] were not exposed to TCDD in utero or lactationally but directly, and the male/female sex ratio of their offspring was found to be decreased. In the present study, we directly exposed male parent mice to TCDD by oral administration using a gastric sonde, finding that the TCDD-exposed groups showed a dose-related decrease in the male/female sex ratio of offspring. Thus, the present experiment recreated the Seveso incident more faithfully than the experiments carried out by Ikeda et al. [8] .
The present results indicate that direct paternal exposure to TCDD might affect the sex ratio of offspring. However, the mechanisms through which TCDD-exposed male mice produced more female offspring than males could not be determined. In a study examining lower proportions of male offspring, James [9] assumes that high gonadotropin and low testosterone levels would have injured and skewed the Y-bearing gametes before conception. Butcher [1] reported that experimentally-induced gametopathies due to the some chemical actions, which constrain the process of fertilization of the oocyte, leading to defective implantation, transitory retardation in the rate of development, and increased prenatal loss. Other researchers have proposed a maternally mediated mechanism in which an antiandrogenic hormonal environment leads to delayed sperm transit time and mating, fertilization of an overripe oocyte, and compromised development [10] . In addition, epigenetic alterations might affect the sex ratio of offspring. These phenomena were considered to explain many questions related to sex ratio at birth after exposure to TCDD in animals and humans. In the present study, the histology of the testis and epididymis were not affected by TCDD, and there may thus be no relationship between hormone levels and sex ratio. The results from Ikeda et al. [8] and the present study (Table 1) indicate that TCDD exposure does not influence litter size, and that the number of male offspring is decreased by such exposure while that of female offspring is increased. Based on these data, there exists the possibility that TCDD might decrease the fertility potential of Y-bearing gametes before conception.
In conclusion, we have confirmed that direct paternal exposure to TCDD in the absence of maternal exposure might be associated with an alteration in the male/female sex ratio of offspring, a finding that is consistent with the data gathered from instances of human TCDD exposure [15, 16, 20] . In addition, high sensitivity of male parents to TCDD was found to be strongly related to an altered sex ratio of offspring. The mechanisms involved in the effects of TCDD exposure on the sex ratio of offspring remain to be investigated.
